Self-incompatibility genotypes of 224 plants of Ipomoea trifida from six populations in Central America have been determined by genetic analysis of segregants in F1 families derived from crosspollinations with the most recessive homozygote. A total of 49 different S-alleles was identified in these populations. From analyses of S-allelic interactions in heterozygous plants which were generated from cross-pollinations between plants possessing different S-alleles, a linear dominance hierarchy with six levels has been established among 28 S-alleles in both pollen and stigma.
introduction
Species of the genus lpomoea (Convolvulaceae) possess a sporophytic system of self-incompatibility that is controlled by a single locus with multiple Salleles (Kowyama et al., 1980) . One of the diploid wild species, I. trifida, is closely related to the sweet potato, I. batatas, and has been used as a genetic resource for sweet potato improvement (Kobayasi & Miyazaki, 1976; Shiotani & Kawase, 1987; . I. trtjida is an insect-pollinated perennial which propagates predominantly by seed. It is a weed native to Central America and is distributed from Mexico to Colombia and Venezuela (Austin, 1978; Shiotani et a!., 1990) . In contrast to the expression of sporophytic self-incompatibility in Brassica, Ipomoea plants are strongly self-incompatible, there being a complete failure of pollen germination on the stigma surface after an incompatible mating. In addition, no seed is set after bud pollination or physical or biochemical treatments of the flower (Fujise, 1964; Kowyama etal., 1980) .
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Studies have been made on the number and frequency of S-alleles in wild populations or cultivated varieties of sporophytic self-incompatible species in the Brassicaceae (Bateman, 1954; Sampson, 1967; Ockendon, 1974 Ockendon, , 1980 Ockendon, , 1982 Stevens & Kay, 1989; Nou et a!., 1991 Nou et a!., , 1993a and of the gametophytic self-incompatible species, Oenothera organensis (Emerson, 1939) , Trifolium repens (Atwood, 1944) , Trifolium pratense (Williams & Williams, 1947) and Papaver rhoeas (Campbell & Lawrence, 1981; Lawrence & O'Donnell, 1981; O'Donnell & Lawrence, 1984) . These studies have shown that populations contain nine to 35 different S-alleles.
Despite these extensive studies, information about the population genetics of self-incompatibility is still limited to a relatively small number of taxa. Because self-incompatibility is known in at least 71 families and more than 250 genera of flowering plants (Nettancourt, 1977) , information from a wider range of taxa would be useful, both in terms of understanding the evolution of self-incompatibility and also its molecular basis.
The chief purpose of the investigation described here is to determine the numbers and frequencies of Salleles in natural populations of I. trifida and the dominance relationships between these alleles.
Materials and methods P/ant materials
Seed was randomly collected in natural populations from the six localities shown in Fig. 1 . The accessions numbered M8 1 to M84 (Mexico) and G8 1 (Guatemala) were collected by Shiotani in 1981 and C80 (Colombia) by Dr M. Kobayasi in 1980 . Populations M8 1 and C8O are about 3300 km apart. Between 31 and 41 plants were raised from the seed of each population ( Table 2 ). All of the plants, grown in pots, were treated with short days (10 h) for about 3 weeks to promote flower bud formation before being transferred to a glasshouse.
The correct name of the present species has been the subject of some controversy. Although we referred to it as I. leucantha in our previous paper (Kowyama et a!., 1980) , the species name I. trifida is used here following the proposals of Austin (1983) and Shiotani & Kawase(1987) .
Determination of S-genotypes
All the plants of each accession were classified into several cross-incompatibility groups based on their pollen-stigma compatibilities after diallel test pollination. The test pollinations were classified as compatible or incompatible by examining the germination of pollen on stigmas (see Kowyama et al., 1980 for details) . Because the presence of recessive alleles is masked by that of dominant alleles in both stigma and pollen of almost all heterozygotes, all of the original plants were crossed with the most recessive homozygote, S3S3, except for 21 plants which were S3-homozygotes. The recessiveness of the S3 allele had been confirmed by previous work (Kowyama er al., 1980) . The resulting F1 families were then analysed for segregation of the S-alleles, eight F1 plants being raised in each family. To examine the dominance relationships of the S-alleles, original plants from different crossincompatibility groups were cross-pollinated with each other and segregations of S-phenotypes were examined in their progenies. Ten to 35 plants, depending on the expected segregation ratio, were raised in each cross.
In all, 3067 plants in 174 cross combinations were analysed.
Results
Number of S-alleles
As a result of the diallel test pollinations within each population, plants were classified into five (M8 1) to 16 (M84) incompatibility groups. Figure 2 shows the result of diallel pollination in population G81, in which eight incompatibility groups were detected, so that at least eight S-alleles of different S-phenotype are present in this population. The plants of the other populations, M82, M83 and C80, were classified into eight, 15 and six incompatibility groups, respectively, giving a total of 58 groups detected in 224 plants from the six populations. Fifty-eight plants, one from each incompatibility group, were reciprocally cross-pollinated; 18 groups were found to occur more than once, i.e. the 58 plants fell into 40 different groups of Sphenotype, named S1 -S40.
F1 progenies from crosses between the abovementioned original plants and S3 homozygotes were tested for their pollen-stigma compatibility, using as testers the 40 plants representing the different 5-alleles. None of the 203 F1 families showed a segregation of S-phenotype that deviated significantly from the expected ratio of 1:1. Table 1 shows the data obtained from the F1 families of G81. This analysis revealed the presence of an additional nine S-alleles, named 41s49, which were masked by dominant S-alleles in both pollen and stigma of the original heterozygotes.
The 49 S-alleles detected were confirmed to be different from each other in a full diallel pollination.
As a result of these analyses, each of the S-alleles present in the original plants was identified. Table 2 shows the number of S-alleles detected in each population and their overall frequencies combined over the six populations. Stevens & Kay (1989) measured the thoroughness of their survey of S-alleles by calculating a repeatability statistic, R (Campbell & Lawrence, 1981) , modified for a sporophytic system. In brief,
where n is the number of hand, appeared to contain only five and six S-alleles, respectively. The S3 allele was found in all populations examined and the allele in four populations. These two S-alleles appear to be widely distributed throughout Central America.
Interaction of S-alleles
An example of the results obtained from reciprocal pollinations between heterozygotes and tester plants is presented in Table 3 , from which the dominance relationships between the six S-alleles can be deduced as follows: S5>(S1 > S6), (S1 = S16), (S1 > S19), (S16 = S6)> 2 in the stigma and S5 >(S = S6), (S1 = (S = Sf9), (S16> S6)> 52 in the pollen, where S1 =S16, for example, indicates codominance between these two S-alleles in the heterozygote. Because S, S6, S1(, and S19 are codominant in either the stigma or the pollen of heterozygotes, these four S-alleles can be grouped in the same level of dominance.
From test pollinations using other heterozygotes, dominance relationships of 28 S-alleles were classified into six major levels of dominance (Fig. 3) . All S-alleles in level B were recessive to alleles in level A and dominant to those in levels C-F. The six S-alleles in level A were the most dominant and S3 in level F was the most recessive allele. Nonlinear dominance relationships among the 28 S-alleles were found in only four sets of S-alleles, (S5, S9, S37), (S5, 12, S15) and (S1, S6, S16) in the stigma and (Si, S6, S16) in the pollen. Codominance relationships between two alleles were more frequently observed in the stigma (30/34) than in the pollen (16/34). As expected, the recessive S-alleles, S3 and S10, occur at higher frequencies, 29.2 per cent and 8.7 per cent, respectively, than the more dominant alleles in natural populations (Table 2) , the latter occurring with a considerable variation in frequency ranging from 0.2 per cent to 5.4 per cent.
Discussion
There are four points worth making about these results. Firstly, sporophytic self-incompatibility in J.trfida is a stable genetic system because no selfcompatible plants were found in any of the six natural populations examined and the strength of the selfincompatibility reaction was not diminished in any combination of S-alleles. In Brassica can'tpestris, on the other hand, which has the same genetic system of selfincompatibility, self-compatible plants have been found in natural populations with a frequency of 4.5 to 13.8 per cent, their occurrence being attributed to the effects of environment and/or genetic background other than the S-locus (Nou et al., 1993b) . A wide range of variation in S-allele activity and mutual weakening of S-alleles in the self-incompatibility reaction have also been reported in other species of Brassica (Ockendon & Currah, 1979; Wallace, 1979) . Secondly, a large number of S-alleles participates in the insect-mediated pollination of the diploid I. trfida, as a total of 49 different S-alleles was found in 224 plants from six natural populations (Table 2) . A similar number of S-alieles appears to occur in other species, 35 having been identified in Sinapis arvensis (Stevens & Kay, 1989) , 45 in Papaver rhoeas (Lawrence et aL, 1993) and 49 in Brassica oleracea (Ockendon, 1985) .
There was, however, considerable variation in the number of S-alleles in populations of I. trifida, more alleles being found in populations located in the central part of Central America than in those from the peripheral regions. Diploid I. trifida is widely distributed in the circum-Caribbean region from Mexico to Venezuela and this area is considered to be the centre of origin of this taxon (Austin, 1978) . The present study suggests that the southern area of Mexico to Guatemala is the centre of genetic variation of I. trfida.
Thirdly, dominance relationships between S-alleles fall into a clear hierarchy between the levels of which there is linear dominance in both the pollen and the *Binomial probability of obtaining a deviation in either direction from the expected ratio of 1:1 as great as, or greater than, that observed. **Sa> 5h 5a dominant to Sb; 5a = Sb: codominant. ***These two marked pairs of S-alleles showed codominance in the stigma, while the other pairs shown in this table showed identical interactions in both pollen and stigma. +, compatible; -, incompatible; Sa>Sb, Sa dominant to 5b; Sa = Sb, codominant.
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stigma (Fig. 3) . In contrast, very complex interactions of S-alleles have been reported in Brassica (Thompson & Taylor, 1966; Ockendon, 1975; Wallace, 1979) . The difference in the pattern of allelic interactions between Ipomoea and Brassica could be due to the different strengths of S-allele activity in these species. The incompatibility reaction between pollen and stigma in Ipomoea is a qualitative character because pollen germination occurs on the stigma surface only after compatible pollination. In Brassica, on the other hand, the reaction is measured as a quantitative character based on scores of pollen tube penetration into stigma papillae. The degree of dominance between S-alleles of Brassica is continuous, ranging from weak partial dominance to complete dominance (Ockendon, 1975 , Wallace, 1979 . It is possible to speculate that the regular dominance hierarchy observed in I. trijida is a reflection of the sequential generation of new S-alleles, from recessive to more dominant ones, in the evolution of self-incompatibility in this species, a speculation that could be tested from a molecular biological point of view.
In general, allelic interactions in species with sporophytic systems of self-incompatibility are often different in the pollen and the stigma. The sexual organ x S-allele interactions can be classified into four types (Wallace, 1979) , as shown in Table 4 . Of 326 allelic pairs that were examined between 28 S-alleles (Fig. 3) , 94 per cent are of types I and IV and the remainder are of types II and III. Codominance occurs more frequently in the stigma than in the pollen. A similar trend to this has been observed in Brassicaceae (Sampson, 1964; Stevens & Kay, 1989) . These features of S-allelic interactions provide a model system for investigating the molecular basis of gene expression and dominance relationships between alleles.
Finally, our data have made it clear that frequencies of S-alleles are unequal in natural populations, and that, as expected, the most recessive S-allele (S3) occurs with a high frequency even in geographically remote populations (Table 2) . Unequal S-allele frequencies have also been reported in Brassicaceae (Ockendon, 1974 (Ockendon, , 1982 Stevens & Kay, 1989) . Imrie et al. (1972) studied by computer simulation the equilibrium allele frequencies in a sporophytic self-incompatibility system with three or six S-alleles and found that, as expected, equilibrium frequencies were dependent on the level of dominance, with alleles increasing in frequency as their degree of dominance decreased. This dominance dependency may be explained in terms of the number of successful matings, i.e. the 
